Reverse transcriptase inhibitors (RTIs) emerged as the first drug class with potent anti-human immunodeficiency virus (HIV) activity, inhibiting one of the earliest steps in the viral life cycle. Two categories of RTI have been developed: dideoxy nucleoside/nucleotide analogues (N-RTIs) (e.g., zidovudine [respectively PMPA]) and nonnucleoside analogues (NNRTIs) (e.g., UC-781). Theoretically, RTIs are useful for both therapeutic and prophylactic purposes, since they can prevent proviral integration.
Since the mid-1990s, protease inhibitors (PIs) also became part of extremely potent anti-HIV combination therapies, which resulted in the first decline ever seen in AIDS-related diseases and mortality. It is clear that these RTI-PI combinations are capable of providing long-term suppression of viral replication and forestalling drug resistance, resulting in longterm clinical benefits (6, 13, 17, 18) .
However, the use of RTIs and PIs is limited by specific drawbacks: N-RTIs have a a moderate therapeutic index (TI) and usually more severe side effects in humans than NN-RTIs, whereas highly potent NN-RTIs induce viral resistance relatively rapidly (25, 30) . The use of PIs is limited by common metabolic side effects such as lipodystrophia and the concern regarding long-term toxicity in general (2, 3, 4) . Moreover, PIs are not useful in a preventive setting, since they block a postintegration step of the viral cycle.
To counteract these problems, the synthesis and screening of new compounds is ongoing. Multidisciplinary research recently led to the discovery of a series of diaryltriazines (DATAs) and diarylpyrimidines (DAPYs) that are extremely potent against wild-type and various mutant strains of HIV type 1 (HIV-1), as evaluated in cytopathicity protection assays with the MT-4 T-cell line (11, 12) .
These novel classes of NN-RTIs are further explored here in a physiological relevant in vitro model of monocyte-derived dendritic cells (MO-DC) and CD4 ϩ T cells (26, 27) . Antigenpresenting dendritic cells (DC) residing in the subepithelial interstitium are thought to constitute a crucial early target for HIV after sexual HIV transmission. Several in vitro studies, with skin or cervical explants, indicated that sexual HIV transmission requires the help of DC to cross the mucosal barrier before infection of T cells can occur (10, 19, 20) . In addition, in vivo studies in macaques showed that simian immunodeficiency virus rapidly penetrates the cervicovaginal mucosa after intravaginal inoculation and first infects DC (8, 16, 24) . A mouse model proved the critical role of DC for HIV routing to lymph nodes after either a vaginal or an intravenous challenge (14) . Moreover, DC are not only of major importance in transporting HIV to the lymph nodes, where the virus is transferred to the CD4 ϩ T cells, but also for the induction of a potentially protective anti-HIV immune response.
We used our in vitro model of MO-DC/CD4 ϩ -T-cell cocultures to evaluate the antiviral and immunosuppressive activity of several DATA and DAPY compounds. As a reference, we used the nucleotide RTI PMPA and the NN-RTI UC-781.
We found that these DATA and DAPY compounds were extremely potent inhibitors of HIV replication, whereas their immunosuppressive activity was rather limited, resulting in favorable TIs. Moreover, a simultaneous treatment of virus and target cells during the first 24 h of culture could prevent proviral integration, indicating that these compounds may also be useful for development as microbicides.
MATERIALS AND METHODS
Test compounds and HIV strain. A series of DATA and DAPY compounds were designed and synthesized at Janssen Pharmaceutica (Vosselaar, Belgium) and screened virologically at Tibotec (Mechelen, Belgium). The NN-RTI UC-781 and the N-RTI PMPA were kindly provided by Crompton Corp. (Uniroyal Chemical, Middleburg, Conn.) and Gilead Science (Foster City, Calif.), respectively.
The non-syncytium-inducing, CCR5 coreceptor using (NSI/R5) HIV-1 strain Ba-L was grown on phytohemagglutinin (PHA)-interleukin-2 (IL-2)-stimulated peripheral blood mononuclear cells (PBMC) in complete medium (RPMI 1640; Bio-Whittaker, Verviers, Belgium) supplemented with 10% bovine fetal calf serum (Biochrom, Berlin, Germany) and penicillin (100 U/ml) and streptomycin (100 g/ml) (Roche Diagnostics, Mannheim, Germany), supplemented with 0.5 g of PHA (Murex Biotech, Ltd., Dartford, United Kingdom) and 5 ng of IL-2 (Roche)/ml. The supernatant of these cultures was used as cell-free virus to infect MO-DC.
Activity of compounds in the MT-4 assay. Compounds were tested in a cellbased assay, with the MT-4 human T-cell line. MT-4 cells were infected with wild-type HIV-1 IIIb or mutant HIV-1 and then exposed to different concentrations of antiviral compound. After 4 days of incubation, the viability of HIVinfected and mock-infected cells was assessed spectrophotometrically via the in situ reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (i.e., the MTT assay) (23) . This method permitted simultaneous determination of the 50% inhibitory concentration (EC 50 ) for inhibiting viral cytopathicity and the 50% cytotoxic concentration (CC 50 ). The CC 50 /EC 50 ratio, also called the TI, is an indication of the specificity of the antiviral effect.
Generation of MO-DC and CD4 ؉ T cells. Monocytes and lymphocytes were isolated from fresh donor buffy coat PBMC by counterflow elutriation as previously described (29) . Monocytes were further differentiated to MO-DC by a 7-day culture in complete medium supplemented with 20 ng of granulocytemacrophage colony-stimulating factor (Leucomax, Novartis, Belgium) and IL-4 (Immunosource, Zoersel, Belgium)/ml (21, 22) . The lymphocyte fraction was frozen in liquid nitrogen and thawed on the day of infection. CD4 ϩ T cells were purified by positive selection by using a CD4 ϩ isolation kit (Dynal, Oslo, Norway) as described previously (28, 29) .
Infection of MO-DC and subsequent treatment of MO-DC/CD4
؉ -T-cell cocultures. MO-DC were infected with cell-free HIV Ba-L at a multiplicity of infection of 10 Ϫ3 . After 2 h, MO-DC were washed six times and suspended at 4 ϫ 10 5 cells/ml. Then, 50 l of MO-DC was dispensed in a 96-well cup, together with 50 l of autologous CD4 ϩ T cells (2 ϫ 10 6 cells/ml) and 100 l of a 10-fold serial dilution of compound. Half of the culture medium was refreshed twice weekly with complete medium (with compound). After 2 weeks of primary culture, supernatants were analyzed by HIV p24 enzyme-linked immunosorbent assay (ELISA).
Treatment of MO-DC/CD4
؉ -T-cell cocultures for 24 h during HIV infection. Totals of 50 l of MO-DC (4 ϫ 10 5 /ml) and 50 l of CD4 ϩ T cells (2 ϫ 10 6 /ml) were dispensed in a 96-well cup, together with 50 l of HIV Ba-L (10 Ϫ3 multiplicity of infection) and 50 l of a serial dilution of compound. After 24 h, cells were washed three times and incubated in complete medium for 2 weeks (without compound). Half of the culture medium was refreshed twice weekly with complete medium (without compound). Supernatants were analyzed by HIV p24 antigen ELISA, while cells were used for secondary cultures to monitor viral rescue.
HIV antigen detection and calculation of EC 50 values. HIV p24 antigen was detected by using an in-house-developed ELISA, the characteristics of which have been described elsewhere (1). The EC 50 was defined as the concentration of compound that inhibited 50% of viral replication and was calculated by plotting HIV p24 antigen concentration against compound concentration, followed by regression analysis on the linear part of the curve.
Monitoring viral rescue: secondary culture and PCR analysis. PBMC were isolated from fresh donor buffy coats and cultured for 2 days in complete medium supplemented with 5 ng of IL-2 (Roche) and 0.5 g of PHA (Murex)/ml.
After 2 weeks of primary culture, MO-DC/CD4 ϩ -T-cell cocultures were washed three times, and secondary cultures were set up by adding 10 5 PHA-IL-2-activated PBMC per cup. Half of the culture medium, which contained IL-2 but no compound, was refreshed twice weekly, and supernatants as well as cells were harvested after 2 additional weeks. Supernatants were tested for HIV p24 antigen in ELISA. Cells were processed for HIV DNA measurement by using a PCR-based HIV proviral DNA quantitation kit with a detection limit of 10 proviral DNA copies/10 6 cells developed from Amplicor HIV-1 Monitor Test (version 1.5; Roche Molecular Systems, Branchburg, N.J.), the modifications of which have been described (5) .
Evaluation of the immunosuppressive activity of the compounds. The immunosuppressive activity of the compounds was evaluated in mixed leukocyte cultures with MO-DC as stimulators and allogeneic CD4 ϩ T cells as responders. Cocultures of 3 ϫ 10 3 MO-DC and 10 5 CD4 ϩ T cells were set up in sixfold duplicates in a 96-well microtiter plate in the presence of a dilution series of compound. In one part of the experiments, compound was removed after 24 h (by washing the cells three times), and cells were cultured for an additional 4 days without compound. In the other part of the experiment, compound remained present during the 5-day culture period. In both setups, 0.4 Ci of [methyl-3 H]thymidine (TRA.120; Amersham Pharmacia, Buckinghamshire, United Kingdom) with a radiospecific activity of 5 Ci/mmol) was added to each well on day 5 of culture. Plates were harvested 7 h later, and [methyl-3 H] thymidine incorporation was measured in a scintillation counter (Top Count; CanberraPackard, Zellik, Belgium) and expressed as counts per minute. The 50% immunosuppressive concentration (ISC 50 ) was defined as the concentration of compound that inhibited 50% of the [methyl-
3 H]thymidine incorporation, which is a measure of the lymphocyte proliferation.
RESULTS
A series of DATA and DAPY compounds have high potency in a MT-4 cell-based assay. A variety of DATA and DAPY compounds were synthesized as a novel family of NN-RTIs ( Fig. 1 and 2) . The DATA and DAPY compounds included in the present study were evaluated in a MT-4 cell-based assay for their antiretroviral activity against wild-type HIV-1 IIIb ( Table  1 ). All of these compounds were shown to be highly potent, with EC 50 values ranging from 0.3 to 1.58 nM. The DATA compound R151694 had the lowest TI due to its relatively high cytotoxic activity. The TIs of the other compounds ranged from 2,512 for compound R147681 (TMC-120) to 158,489 for compound R302730.
In order to evaluate the DATA and DAPY compounds in a physiologically more relevant setting, we tested them in our in (Table 2) . As a reference, the NN-RTI UC-781 and the N-RTI PMPA were included, with EC 50 values of 50 and 89 nM, respectively ( Table 2) .
The immunosuppressive activity (ISC 50 ) of the compounds, as measured in mixed leukocyte cultures of MO-DC and allogeneic CD4 ϩ T cells, ranged from 158 nM for compound R151694 to 43,208 nM for compound R302730. In comparison, the reference NN-RTI UC-781 and N-RTI PMPA showed ISC 50 values of 28,921 and Ͼ100,000 nM, respectively ( Table  2) .
The EC 50 /ISC 50 ratio showed that most of the compounds had a favorable TI, which ranged from 395 for compound R151694 to 404,800 for compound R312924.
Compound potency is unaltered by a limited (24-h) treatment.
To evaluate the potency of the compounds after a limited treatment, MO-DC, CD4
ϩ T cells, and HIV were incubated with a dilution range of a compound during 24 h; the cells were then extensively washed and cultured during 14 days without compound present.
The EC 50 values of the DAPY compounds R147681, R278474, and R151694 remained similar after this primary culture compared to the setup in which compound was continuously present. All other DAPY and DATA compounds showed a 10-to 50-fold increase in EC 50 value. Nevertheless, the antiviral potency of all of these DAPY and DATA compounds remained very high, with EC 50 values ranging from 1 to 49 nM. The EC 50 value of both references increased two-to fivefold, i.e., to 105 nM for UC-781 and to 471 nM for PMPA (Table 3) .
Limiting treatment to 24 h also resulted in a decreased immunosuppressive activity of the compounds compared to the setup in which compound was continuously present. This was especially the case for compound R151694, of which the ISC 50 increased more than 90-fold from 158 to 14,648 nM (Tables 2 and 3 ). The TIs remained similar for UC-781, PMPA, R153430, and R152649; increased for compounds R147681, R151694, and R278474; and decreased for the rest of the compounds.
A 24-h treatment prevents HIV integration. In order to determine whether a short treatment could prevent proviral integration, secondary cultures were set up by adding PHA-IL-2 blasts to the primary cultures in the absence of compound. After 2 additional weeks, supernatants were analyzed in HIV p24 ELISA (to monitor viral replication), and cells were processed for quantitative PCR analysis (to monitor proviral DNA). Comparison of the EC 50 values of primary and secondary cultures revealed that the antiviral potency was unaltered for compounds R278474, R302730, and R312924 and only slightly increased (by a maximum of sixfold) for the rest of the compounds (Table 4) . For all DAPY and DATA compounds (except R152929), complete blocking of proviral integration was possible at concentrations of 10 to 100 nM, whereas 10,000 nM UC-781 was needed, and PMPA could not prevent proviral integration at the highest concentration used (Table 4) .
DISCUSSION
NN-RTIs are an important part of current antiretroviral cocktails. They have been proven beneficial in numerous clinical studies, especially when part of a triple-drug combination regimen with N-RTIs and PI (9, 15) .
The search for new antiretrovirals led to the discovery of new families of NN-RTIs, the DATA and DAPY compounds (11, 12) . Since these DATA and DAPY compounds showed high potency in a MT-4 cell-based assay, we decided to further explore the antiviral and immunosuppressive activity of these compounds in our physiologically relevant in vitro model of MO-DC/CD4
ϩ -T-cell cocultures (26, 27) . A series of DATA and DAPY compounds proved to be extremely active during a 2-week treatment, with EC 50 values of Ͻ5 nM, whereas the NN-RTI UC-781 and the N-RTI PMPA, which were included as a reference, were at least an order of magnitude less potent. Despite the great similarity in the chemical structures of the DATA and DAPY compounds, not only do their antiviral activities vary but also their immunosuppressive activities, with ISC 50 values ranging from 158 to 43,208 nM.
The results of this in vitro model are not only indicative of the possible potency of the described compounds in vivo during systemic use but may also have implications for the development of these compounds as a microbicide. In the scenario in which a microbicide is formulated as a slow-release device (e.g., an intravaginal ring), active compound could be present at the site of infection for a prolonged time span, as mimicked in vitro by our 2-week setup.
To investigate the situation in which these compounds are present for a shorter period of time, we adapted our experimental setting so that the compounds were incubated with the target cells and virus for 24 h before it was washed away. This in vitro setup mimics what might happen in vivo after a microbicide, formulated as a gel or cream, has been applied intravaginally: the active compound is present at the time infection of the submucosal target cells can occur and remains present for the following 24 h, after which the concentration gradually a That is, the concentration of compound required to inhibit 50% of HIV-1 Ba-L replication after primary (1°) and secondary (2°) culture. For primary culture, HIV-infected MO-DC/CD4
ϩ -T-cell cocultures were treated with compound for 24 h, washed three times, and cultured for 2 weeks without compound. After primary culture, cells were washed, and PHA-IL-2-activated blasts were added, and cells were maintained in IL-2-containing medium for a secondary culture of 2 weeks (no compound present). All compounds were evaluated in sixfold replicates in at least three different experiments.
b That is, the minimal concentration of compound that prevents proviral integration, as measured by HIV DNA PCR of cells after the secondary culture.
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drops if the compound is not reapplied. We found that the DATA and DAPY compounds tested in the present study were very efficient at blocking viral replication: the most potent compounds completely blocked HIV at a concentration of 10 to 100 nM, whereas at least 100-fold-higher concentrations of UC-781 or PMPA were needed. Ideally, the active compound is rapidly released from a microbicide formulation and evenly distributed over the vaginal surface. At present, most water-soluble and stable microbicides are formulated into (aqueous) gels. For drugs in early development that are not stable in water or are not highly water soluble, nonaqueous gels (creams) or alternative dosage forms, such as tablets or suppositories, sponges, films, or foams will be necessary. Several parameters concerning formulation aspects of the DATA and DAPY compounds described here are being evaluated, and it is expected that most of the DATA/ DAPY compounds can be relatively easily formulated in a gel. Previous animal studies with a carbopol or hydroxyethyl cellulose gel containing R1478681 have already proven that formulation of this class of compounds and subsequent release of active compound into the vaginal lumen is highly effective for the prevention of vaginal infection (7) . In addition, formulations based on other excipients such as polyethylene glycol also offer possibilities. Preliminary pharmacokinetic studies with R165335, R147681, and R278474 indicated that these compounds are relatively easily and stably formulated in polyethylene glycol gels, whereas especially compound R278474 is readily biological available (data not shown). In general, formulation issues regarding the development of a microbicide will have to take into account several factors, including the presence of vaginal secretions (influencing drug dissolution), the vaginal pH (influencing drug ionization), the enzyme activity (influencing drug stability), and the transport routes (influencing drug absorption). It is, however, not expected that these formulation issues will be the most difficult challenge in the development of a potent microbicide.
Although the relatively rapid selection of drug-resistant viruses is clearly the Achilles' heel of most NN-RTIs, the DATA and DAPY compounds included in the present study proved to be highly effective in vitro against wild-type and various singleand double-mutant strains of HIV-1 (11, 12) . The DAPY compounds R147681 (TMC-120) and R165335 (TMC-125) and the DATA compound R152649 have previously been evaluated against NN-RTI-resistant HIV variants encoding L100I, K103N, Y181C, Y188L, and G190A/S mutations, with resulting EC 50 In conclusion, the DATA and DAPY compounds described here constitute a new series of NN-RTIs that are more potent than earlier RTIs and have a favorable TI. A short treatment, representing the potential action of a microbicide after a single application, with 10 to 100 nM concentrations of most of the compounds sufficed to prevent proviral integration. Clearly, based on these in vitro results and ongoing in vivo studies, we are convinced that the DATA and DAPY compounds described here will not only strengthen the therapeutic armamentarium but could also be useful as preventive microbicides.
